The Gram-negative gastric pathogen Helicobacter pylori depends on natural transformation for genomic plasticity, which leads to host adaptation and spread of resistances. Here, we show that H. pylori takes up covalently labeled fluorescent DNA preferentially at the cell poles and that uptake is dependent on the type IV secretion system ComB. By titration of external pH and detection of accessibility of the fluorophor by protons, we localized imported fluorescent DNA in the periplasm. Single molecule analysis revealed that outer membrane DNA transport occurred at a velocity of 1.3 kbp·s
T he Gram-negative bacterium Helicobacter pylori is one of the most successful host-colonizing pathogens, because it can persist lifelong in the human stomach. The pathogen can cause severe gastric diseases, including gastric adenocarcinoma (1) . To specifically adapt to its host, H. pylori has a high frequency of interstrain recombination. Multiple H. pylori infections occur in one patient, enabling DNA to be exchanged between different strains (2, 3) . This horizontal gene transfer is clinically relevant, because it facilitates the spread of antibiotic resistances (4) . The main mechanism of horizontal gene transfer used by H. pylori is natural transformation.
Most information about bacterial transformation and the underlying DNA-uptake process stems from the Gram-positive bacterium Bacillus subtilis and the Gram-negative bacterium Neisseria gonorrhoeae. In B. subtilis, a pseudopilus composed of type IV pilus homologs (ComG proteins) probably mediates access of external DNA through the bacterial cell wall to the cytoplasmic membrane (5) (Fig. 1) . Import of DNA into the cytoplasm of B. subtilis is supposed to occur through the ComEC channel (6) and was shown to take place at the cell poles (7) . For N. gonorrhoeae, it was proposed that external DNA enters the periplasm mediated by type IV pili first and second, it is transported through the ComEC homolog (ComA) into the cytoplasm (8) . In contrast to all known competent bacteria, the Gram-negative gastric pathogen H. pylori is exceptional, because it uses a type IV secretion system (T4SS) for DNA uptake (9) . The T4SS for DNA uptake is encoded by two separate operons, comB2-B4 and comB6-B10 (9, 10) , numbered according to their virB homologs from Agrobacterium tumefaciens.
Components of the ComB system were suggested to form an apparatus traversing the inner and outer membrane of H. pylori (10, 11) (Fig. 1) . A knockout mutant either in comB4 or comB6 is completely defective in natural transformation (9, 10) ; comB4 encodes the only known ATPase involved in DNA uptake, and comB6 encodes an inner membrane component of the ComB system. Interestingly, the cytoplasmic channel, ComEC, is also present in H. pylori and was shown to be indispensable for natural transformation (12) . Whether or not DNA import in H. pylori is a one-or two-step transfer process from the cell surface into the cytoplasm is still a matter of debate (10, 13) . So far, periplasmic DNA intermediates have not been detected. Furthermore, in most other Gram-negative bacteria (e.g., Neisseria), homologous DNA is preferentially taken up through recognition of specific DNA-uptake sequences that are quantitatively overrepresented in the neisserial genome (14) . For H. pylori, a similar uptake sequence is absent, although a preferential uptake of homologous DNA is discussed (15, 16) .
Viral and bacterial DNA translocation motors have been characterized by single molecule methods in vitro. Motors involved in chromosome segregation or translocation of the chromosome during sporulation (FtsK and SpoIIIE, respectively) were shown to translocate DNA with high velocities of 4-7 kbp·s −1 against an opposing load of >60 pico newton (pN) (17) (18) (19) . Viral DNA packaging motors were shown to exert similar forces but with considerably slower velocities of 100 bp·s −1 for Φ29 and 700 bp·s −1 for T4 bacteriophage (20, 21) . High forces are thought to be essential for clearance of "roadblocks" and proteinaceous epigenetic DNA modification to reset the information of the chromosome. Clearance of DNA-binding proteins during translocation was recently shown for SpoIIIE (22) . High force (stalling at 50 pN) was also generated by VirE2 binding on ssDNA and suggested to facilitate type IV secretion of Agrobacterium tumefaciens DNA into the host plant cell (23) . Maximum velocities of this system were in the range of 4 kbp·s −1 and dropped to 700 bp·s −1 at 30 pN. Until now, the only single molecule in vivo data of a DNA translocation motor stem from the DNA uptake machinery of B. subtilis (24) . This study showed that DNA uptake into B. subtilis was highly processive with an average velocity of 80 bp·s −1 and proceeded without deceleration at external forces of 40 pN (24) . Here, we show that H. pylori uses a two-step uptake mechanism for transport of external DNA from the cell surface to the cytoplasm. DNA uptake across the outer membrane was mediated by the T4SS ComB, whereas Hp-ComEC was implicated in DNA transport across the inner membrane. Furthermore, we reveal functional information about outer membrane transport using laser tweezers. These results imply that there are principle differences in outer and inner membrane DNA transport in competent bacteria.
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Results
Transformation Rate in H. pylori. To quantify the natural transformation capacity in H. pylori, we chose a single mutation in rpsL as a selective marker that leads to streptomycin resistance (15) . When H. pylori J99 was grown in liquid culture to exponential phase and exposed to a 1-kb PCR product that exhibited an A128G mutation in rpsL, (4.8 ± 2.6) × 10 −1 of J99 cells were resistant to streptomycin (Table 1) . This represents a transformation rate that is ∼10-fold higher than the maximum reported data for this strain (15) .
Flagella movement potentially disturbs the single-molecule DNA-uptake assay using laser tweezers. By insertion of a gentamycin-resistance cassette, we constructed a fliP mutant of H. pylori J99. Loss of FliP was previously found to lead to flagella-less H. pylori wild-type strains (25) . As expected, the fliP mutant was nonmotile, and its transformation capacity was similar to the wildtype strain ([3.9 ± 2.6] × 10 −1 in the fliP mutant) ( Table 1) . Using the fliP mutant as a parental strain, we constructed insertion mutants in comB4 or comB6, with both genes coding for components of the DNA-uptake T4SS (9, 10), or in comEC (12), a homolog of the putative DNA-uptake channel of B. subtilis. We confirmed that comB4, comB6, and comEC were deficient of natural transformation (Table 1 ).
H. pylori Imports Fluorescently Labeled DNA. To visualize DNA entry into H. pylori cells, we labeled the rpsL R PCR fragment with an alkylating reagent containing the fluorescent dye Cy3 (Mirus Label IT). The reagent covalently alkylates primarily the N 7 of guanine residues, leaving the hydrogen-bond interactions in DNA intact. After exposure to fluorescently labeled rpsL R DNA, 74 ± 9% of the parental J99 fliP cells had DNA imported into a DNaseI resistant state ( Fig. 2A and Table 1 ). This is consistent with the high transformation rates obtained under the same condition and revealed that even a higher number of bacteria imported DNA.
The localization of the DNA was primarily at the poles or the subsequent septum, which is reminiscent of the GFP-labeled protein components of the uptake machinery of the Gram-positive B. subtilis (7) (Fig. 2) . In particular, 32 ± 3% of H. pylori J99 fliP mutant exhibited one DNA focus, 26 ± 4% exhibited two foci, and 16 ± 6% exhibited three or more foci, suggesting that multiple uptake complexes were simultaneously active in one cell in the majority of competent cells. Moreover, H. pylori also took up fluorescently labeled DNA of the λ bacteriophage with comparable efficiency (79 ± 7% cells with foci) (Fig. 2B and Table 1 ), suggesting that H. pylori did not discriminate against foreign DNA during this process. When performing a transformation experiment using a wild-type rpsL S fragment (strep S ) or an equal-sized λ PCR fragment (∼1 kb) in 50-fold excess of the rpsL R marker, an 8-to 10-fold reduction in transformation rate was observed (Table 1) . This indicates that H. pylori did not discriminate against heterologous DNA at any step of natural transformation. When using a H. pylori fliP liquid overnight culture, 58 ± 2% of the cells still took up fluorescently labeled DNA, indicating that H. pylori was competent in stationary phase as well. Furthermore, we found that the uptake of labeled DNA was impeded by the F 1 F 0 ATP synthase inhibitor, dicyclohexylcarbodiimide (DCCD), and by the protonophor, carbonyl cyanide m-chlorophenylhydrazone (CCCP). Only 1.1 ± 1.4% or 1.8 ± 0.8% of the cells showed marginal fluorescent foci after treatment with either DCCD or CCCP, respectively (Table 1 ). H. pylori mutants deficient in either comB4 or comB6 did not show significant fluorescent DNA foci as well. Only 0.5 ± 0.1% of the comB4 and 0.8 ± 0.1% of the comB6 cells were stained with few, hardly visible fluorescent DNA (Fig. 2C and Table 1 ), confirming the previously identified role of the T4SS ComB in DNA uptake. Strikingly, the H. pylori comEC mutant, although completely defective in transformation (12) ( Table 1) , was indistinguishable from the wild type in uptake of labeled DNA into a DNaseI resistant state (71 ± 12% cells with foci) (Fig. 2D and Table 1 ).
We performed the same experiment with a highly competent B. subtilis strain (rok) (26) . As observed before (7), binding of labeled DNA occurred primarily at the poles, but in contrast to H. pylori, DNA was exterior and sensitive to prolonged DNaseI digestion. Few weakly fluorescent foci comparable with those in comB4, comB6 (Fig. 2C) , and fliP in the presence of DCCD or CCCP were observed. We assume that this fluorescent signal and H. pylori. In B. subtilis, dsDNA binds to the bacterial surface. Access of DNA to the DNA-binding protein, ComEA, and the inner membrane channel, ComEC, is mediated by ComG proteins that are homologous to type IV pilus proteins (5, 6, 38) . The ATPase, ComGA, is probably important for biogenesis and/or dynamics of the pseudopilus structure. ComFA is proposed to actively import ssDNA into the cytoplasm (39) . In H. pylori, the ComB T4SS traverses outer and inner membranes (9) (10) (11) . We propose that the ComB system is essential for dsDNA transport into the periplasm to feed the Hp-ComEC channel (12) for uptake of DNA into the cytoplasm. Analogous to ComGA, the ATPase ComB4 might be essential for biogenesis of the ComB complex as well as tentatively for energization of DNA transport across the outer membrane. The inner membrane DNA uptake motor remains elusive. 71.0 ± 12.0
H. pylori were cultivated in liquid TSB supplemented with 10% serum. rpsL R (4 μg/mL) served as DNA substrate for the transformation assay, and Cy3-labeled rpsL R (1 μg/mL) was used for the fluorescent-uptake experiment (except for condition λ-Cy3). For the competition experiment, rpsL R was diluted 1:50 (80 ng/mL) with TSB (none), wild-type rpsL fragment (rpsL S without mutation), or 1-kb fragments of λ-DNA (λ 1 kb). Values represent data from at least three independent experiments (∼1,000 cells for each condition of the fluorescent experiments). Foci for conditions DCCD and CCCP as well as for strains comB4 and comB6 were significantly weaker in fluorescence (in the text and Fig. 2) . ex, exponential; stat, stationary.
corresponded to residual DNA tightly attached to the cell surface. Our results suggest that the H. pylori uptake machinery is relatively unspecific for DNA structure and able to import fluorescently labeled DNA into a DNaseI resistant state, either localized in the cytoplasm or in the periplasm.
Fluorescently Labeled DNA Is Situated in the Periplasm. To pinpoint the localization of imported fluorescently labeled DNA, we performed colocalization experiments using Cy3-labeled DNA and the membrane-permeable, cytoplasmic pH indicator 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM) (Fig. S1 ) (27) . On entry into the cytoplasm, the nonfluorescent BCECF-AM is cleaved by cytoplasmic esterases, and the negatively charged and fluorescent BCECF is cytoplasmically trapped. We observed that fluorescently labeled DNA was situated exterior to the cytoplasm of H. pylori fliP (Fig. S1 ). To provide more solid evidence for a periplasmatic localization of fluorescent DNA, we covalently modified DNA with the pH-sensitive dye fluorescein, which is also present in BCECF-AM. Because the outer membrane is largely permeable for protons, pH homeostasis is primarily established over the cytoplasmic membrane in H. pylori (28) . Fluorescein localized in the periplasm should, therefore, be a more direct sensor of external pH changes than when localized in the cytoplasm. Titration of external pH from 7 to 5.5 resulted in a 5-fold decrease in fluorescence intensity of labeled DNA (Fig. 3) . Under the same conditions, fluorescence of BCECF trapped in the cytoplasm of H. pylori did not alter significantly (1.25-fold decrease) (Fig. 3) . These results indicate that imported fluorescently labeled DNA was situated in the periplasm of H. pylori, a compartment excluded from DNaseI activity but accessible to protons.
We checked whether or not fluorescently labeled DNA eventually enters the cytoplasm with time. However, even when bacteria were grown in the presence of fluorescent DNA overnight, foci were exclusively detected in the periplasm. Thus, modified DNA was excluded from the cytoplasm of H. pylori, indicating that the second transport process into the cytoplasm is more specific for DNA structure; this is reminiscent of DNA uptake into B. subtilis.
Hp-ComEC Is Implicated in DNA Import Across the Inner Membrane.
Because covalently labeled fluorescent DNA did not enter the cytoplasm, we fluorescently labeled DNA with the noncovalent dye YOYO-1. YOYO-1 specifically stains dsDNA by intercalation at base pair to dye ratios of >8 and is virtually nonfluorescent in aqueous solutions (29) . When the parental H. pylori strain fliP was exposed to YOYO-1 labeled λ-DNA (bp:dye ratio = 50) for 15 min, fluorescent foci were transient and vanished with time (Fig. 4 Upper). This suggested that DNA crossed the outer membrane as double-strand DNA. The decrease in fluorescence intensity can be interpreted as a result of the noncovalent dye releasing from the DNA either by nuclease activity and/or unzipping of dsDNA during translocation into the cytoplasm after YOYO-1-labeled DNA had entered the periplasm. With the comEC mutant, we observed temporally stable fluorescent foci even after prolonged DNaseI treatment (Fig. 4 Lower). Considering that the comEC mutant was completely defective in transformation but fully functional in DNA transport across the outer membrane, these results strongly suggest that Hp-ComEC is involved in uptake of DNA across the inner membrane in H. pylori. Note that the time period during which DNA foci were observed in the parental H. pylori fliP was variable (i.e., in some experiments, we never observed significant foci development, even after a short DNaseI incubation time). This might indicate that the DNA transport rate across the outer membrane varied relative to that over the inner membrane, suggesting that outer and inner membrane DNA transport were not only mechanistically but also temporally uncoupled.
Single Molecule Analysis Reveals Weak, Rapid, and Directionally Reversible DNA Transport into the Periplasm of H. pylori. To monitor DNA uptake into H. pylori most directly, we attached multiple XbaI fragments of λ-DNA (24 kb; ∼8 μm length at ≥2 pN) to the surface of micrometer-sized beads (Fig. 5A) . After adsorption of H. pylori onto the surface of the cover slip, a bead with DNA molecules was moved with a velocity of 0.5-1 μm·s −1 directly over the bacterium, so that the DNA was in contact with the bacterial surface. Binding occurred rapidly during this movement in ∼75% of the cells, and the bead was pulled away until the DNA tether was stretched. Subsequently, almost onehalf of the tethers detached. In case of stable binding events, we always observed immediate or a few seconds delayed DNA uptake, meaning that around 30% of all cells transported DNA. If DNA uptake occurred, the bacterium actively deflected the bead from the center of the laser trap, and after a preset force was reached, the piezo table followed the DNA uptake direction, keeping constant force (Fig. 5) . Thus, the direct import of the DNA substrate was monitored in real time at distinct external forces and at a positional resolution in the nanometer range.
At an external force of 10 pN, we observed a rapid and highly processive import (3.3 ± 1.4 μm or 9.7 ± 4.1 kb in average) of single DNA molecules into H. pylori fliP (Fig. 5 and Fig. S2 ). On average, the velocity was 1.26 ± 0.46 kbp·s −1 (n = 42; i.e., at least 10-fold higher than for B. subtilis) (24) . When analyzed in detail, stretches of 2.23 ± 0.89 kbp·s −1 interrupted by small pauses were detected (v max_avg ) (Fig. S2) . Without force feedback, we determined the stalling force (F stall ) of the uptake motor to be 23 ± 3 pN. For the DNA uptake-deficient comB mutants, we only detected binding of DNA to 6.2 ± 2.7% of comB4 cells (n = 152) (Fig. S3) and to 3.2 ± 2.2% of comB6 cells (n = 153) but no uptake event. This indicated that the ComB system played a role not only in DNA uptake but also in DNA binding to the bacterial surface. In contrast, no significant difference in DNA binding and uptake was observed between the parental strain and the comEC mutant, which exhibited an average DNA import velocity of 1.6 ± 0.49 kbp·s −1 at 10 pN (n = 15).
Additionally, the setup enabled the variation of the force within one uptake experiment (Fig. 5 ). As described above, rapid import was observed at 10 pN, and the motor nearly stalled when the force was increased to 20 pN. Interestingly, by increasing the external force to 40 pN (a force at which import of DNA into B. subtilis did not alter significantly in velocity) (24), we could reverse the DNA transport direction and extract previously imported DNA from H. pylori ( Fig. 5 and Movie S1). In rare cases, the DNA tether broke under these conditions, but mostly, we pulled out the DNA until the extraction process stopped at 40 pN, probably because DNA was anchored through strong attachment to cellular components. Intriguingly, when the force was subsequently reduced to 10 pN, DNA uptake reoccurred immediately with similar velocity (Fig. 5 and Movie S1). The transport process was unexpectedly robust, because we were able to repeat the reversal of direction on alteration of the external force manifold until the DNA tether broke (in some experiments, this occurred up to 10 times).
When Cy3-labeled DNA was attached to the beads and DNA import was monitored at low forces, we measured similar stalling forces of 20 ± 5 pN (Fig. S2) . Motor pauses at 10 pN were more frequent, slightly reducing the average velocity to 0.47 ± 0.29 kbp·s −1 with labeled DNA, but peak velocities were in the same range as for unlabeled DNA (v max_avg = 1.37 ± 0.75 kbp·s
−1
). We suggest that DNA modification led to some steric hindrance for motor transport. Still, principal motor characteristics were maintained. Because fluorescently labeled DNA did not enter the cytoplasm of H. pylori (see above text), these data showed that we measure transport of DNA over the outer membrane with the single molecule assay.
In few events (5.2%; n = 96), however, we saw initial extraction of DNA from the bacterium at 40 pN followed by an immediate turn in direction and subsequent import of DNA (Fig. S4) . Higher stalling forces with uptake occurring at 40 pN were also detected in 21.7% (n = 23) of the cases when the bead was in contact longer with the bacterium (i.e., bead and bacterium were in contact before the laser-tweezers measurement was started). The simplest explanations would be that multiple molecules were bound and transported by a single H. pylori cell and that each DNA motor contributed a force of F stall ∼ 23 pN. To support this hypothesis, we analyzed the force-induced transition from dsDNA to ssDNA by stepwise application of an external force of 80 pN on the rare occasions when DNA bound to the comB4 mutant, which was deficient for transport. As expected, we observed DNA denaturation (i.e., abrupt, ∼2-fold elongation of the DNA tether) (Fig. S3) . Fig. 4 . Uptake of YOYO-1-stained dsDNA in H. pylori. The parental strain fliP (Upper) and its isogenic comEC mutant (Lower) were exposed to YOYO-1-stained λ-DNA (1 μg/mL) for 15 min before DNaseI treatment for 10 (Left), 45 (Center), and 90 min (Right). DNA foci were transiently detected in fliP, whereas they were stable in comEC. In the experimental setup, linear dsDNA molecules were attached with one end to a micrometer-sized bead that was trapped by laser tweezers. DNA was bound to H. pylori that had been immobilized on the cover slip. Import of DNA into H. pylori was detected by the deflection of the bead from the center of the laser trap. After a preset force that corresponded to a distinct deflection was reached, the stage moved to keep constant force. (B) Time series of DNA import/extraction depending on externally applied force (Movie S1), which is quantitatively depicted in C. Force was eventually varied by the experimenter during an uptake event, and the movements of the stage (x) were monitored. Force was tracked in color: yellow, 10 pN; orange, 20 pN; red, 40 pN. In black, stage movements (x, i.e., shortening or elongation of the DNA tether at constant force). At forces F < F stall = 23 pN, the DNA tether shortens, meaning that import of DNA into H. pylori was detected. At forces F > F stall , the DNA was extracted from the bacterium. Import and extraction were repeatable when force was varied accordingly.
When we increased the force to 80 pN in events stalled at 20 pN, we also detected an abrupt elongation of the DNA tether 2-fold or even more, indicating that a single DNA molecule was bound and transported; this led to either denaturation and/or slippage through the outer membrane pore. In cases where we observed apparently higher motor forces, the DNA tether only slightly increased in length at 80 pN (≤30%) (Fig. S4) . This supports the idea that single DNA molecules were indeed transported in events where the motor was stalled at around 20 pN; occasionally, however, multiple DNA molecules were simultaneously imported into a single cell, leading to higher apparent motor forces.
Discussion
Mixed infections of H. pylori frequently occur in one human stomach, exchanging significant amounts of genetic material through natural transformation (2, 3) . In vitro, we observed transformation rates of (3.9-4.8) × 10 −1 in strain J99, a ∼10-fold higher rate than the maximum reported with the same assay (15) . By labeling DNA fluorescently, we showed that even a higher fraction of the cells (74 ± 9%) was competent, taking up DNA at distinct polar sites. Multiple transport complexes were active in a single cell and visualized by several fluorescent DNA foci per cell. In the single molecule assay, we probably even detected a few simultaneous transport events of multiple DNA molecules. With respect to the frequent interstrain recombination in vivo, this outstanding in vitro transformation capacity obtained for H. pylori was highly anticipated. Various competence phases of H. pylori were previously reported (30). We did not observe major differences in the fraction of exponential or stationary cells concerning uptake of fluorescent DNA. Integrating both results, we conclude that downstream processes like integration of the selective marker into the chromosome and/or the rate of recovery of transformants under selection conditions might have varied in different growth phases.
The pathogen N. gonorrhoeae is also competent irrespective of growth phases but preferentially takes up homologous DNA by using a species-specific DNA-uptake sequence (14) . This is in contrast to the soil dweller B. subtilis, which temporally limits natural transformation but does not discriminate between homologous and heterologous DNA sources (31) . Limitation of natural transformation is considered advantageous concerning potentially poisonous effects of incorporation of external DNA. We showed that H. pylori does not seem to use uptake sequences or temporal limitation of initial DNA uptake over the outer membrane. Instead, other mechanisms, like the highly efficient and numerous restrictionmodification systems of H. pylori (32), might take over the function as a barrier to horizontal gene transfer from foreign sources.
By localization of fluorescent DNA in the periplasm, we provided evidence for a two-step mechanism of DNA uptake into the gastric pathogen. Outer membrane DNA transport was dependent on the T4SS ComB and independent of Hp-ComEC. It was robust against DNA modification (covalent attachment of Cy3 or fluorescein) as well as against DNA length increase by intercalation of the noncovalent dye YOYO-1. This suggests that interaction of transported DNA with the outer membrane pore complex is rather loose. Preincubation of the cells with the protonophor CCCP or with the ATP synthase inhibitor DCCD led to abolishment of DNA transport across the outer membrane ( Table 1 ). The protonophor CCCP causes dissipation of the proton-motive force and may eventually lead to disassembly of the ComB complex. DCCD is expected to block ATP synthesis-coupled proton entry, thereby maintaining membrane potential or leading to slight hyperpolarization. Hence, we suggest that outer membrane transport might depend on ATP. ComB4 is the only ATPase so far indentified to putatively energize DNA uptake in H. pylori. ATP hydrolysis by the cytoplasmic ComB4 might play a role in biogenesis of the ComB uptake machinery and/or in energization of DNA transport across the outer membrane.
The observation that covalently labeled fluorescent DNA was trapped in the periplasm of H. pylori further implied that transport over the cytoplasmic membrane is more specific for DNA structure than over the outer membrane. Interestingly, covalently labeled fluorescent DNA was also excluded from highly competent Gram-positive B. subtilis cells that lacked an outer membrane (ref. 7 and this text). In B. subtilis, DNA uptake is proposed to occur through the cytoplasmic membrane channel, ComEC (6, 33) . Although Hp-ComEC comprises only one-half of the amino acid residues compared with its B. subtilis counterpart, the competence domain (residues 135-397), suggested to traverse the membrane and to contribute to the formation of an aqueous pore for DNA transport (6) , is highly conserved.
We performed additional experiments to visualize inner membrane DNA transport in H. pylori. YOYO-1-stained DNA entered H. pylori cells and fluorescence vanished in time in the parental strain, whereas YOYO-1 DNA foci were stable in the comEC mutant. Our interpretation of this observation is that dsDNA entered the periplasm through the ComB system and was further transported into the cytoplasm, excluding the intercalator dye and leading to its release from the DNA. Because this phenomenon was dependent on Hp-ComEC, which is indispensable for transformation, we suggest that Hp-ComEC is involved in the transport of DNA into the cytoplasm of H. pylori. Whether or not DNA directly passes through Hp-ComEC and if Hp-ComEC plays a different role in this process remains to be explored.
We characterized outer membrane DNA transport on the single molecule level. Uptake was highly processive with an average incorporated DNA length of almost 10 kb. This is probably an underestimation caused by technical limitations, because a DNA substrate of a length of 24 kb was used. In addition, the stage movement setup ranged ±5 μm (corresponding to ±15 kb) from the starting point, from which a constant force event was triggered. We found that velocities were rather dynamic (i.e., broadly distributed) with an average velocity of 1.3 kbp·s −1 and a stalling force of 23 pN. In conclusion, transport into H. pylori was relatively weak and rapid compared with DNA uptake into B. subtilis, which lacked an outer membrane. Furthermore, DNA could be extracted by application of an external force in the range of 40 pN. Most likely, DNA extraction occurred either through reversal of the motor direction or through slippage of the DNA. Absence of detectable innermembrane transport using the single molecule assay might be caused by a time delay between both transport steps and/or a spatial gap between the ComB and ComEC complexes.
We cannot exclude the information that the ComB system of H. pylori has an additional role in inner-membrane transport in conjunction with Hp-ComEC. However, our data suggest that outer-and inner-membrane transport processes are mechanistically and temporally disconnected. First, outer-membrane transport was completely independent of Hp-ComEC. Second, a variable amount of periplasmic DNA was detected when DNA was noncovalently modified, suggesting that the outer-membrane transport rate varied relative to that of the inner-membrane transporter. Third, innerand outer-membrane transport also seemed to be temporally disconnected in our single molecule assay, because we solely detected outer-membrane transport.
We showed that the gastric pathogen uses the T4SS for outermembrane dsDNA transport in combination with the ComEC channel for uptake of DNA from the periplasm to the cytoplasm (Fig. 1) . To our knowledge, not a single competent bacterium lacks a ComEC homolog. By analogy, the type IV pilus system of most other transformable bacteria may function the same way, namely to mediate access of DNA to the cytoplasmic membrane that feeds the ComEC channel for ultimate uptake of DNA into the cytoplasm. Future studies will show how ComEC functions with respect to its physically heterogeneous partners and how transport from one complex to the other is accomplished in an environment lacking ATP.
Materials and Methods
Strains and Growth Conditions. H. pylori strains J99 (34) and 26695 (35) were grown either on tryptic soy broth (TSB; Becton Dickinson) supplemented with 1.5% agar (Oxoid) and 5% sheep blood (Serumwerk Memsen) or in liquid culture (shaking at 140 rpm) using TSB (Becton Dickinson) with 10% FBS (Gibco BRL). Antibiotics were used at the following final concentrations per milliliter: 12.5 μg vancomycin, 0.31 μg polymyxin B, 6.25 μg trimethoprim, and 2.5 μg amphotericin B. For the mutants, kanamycin or apramycin was added at 20 μg/mL. Plates were incubated at 37°C under a microaerobic atmosphere (CampyGen; Oxoid). B. subtilis rok was grown in competence medium as described before (26) . were determined according to the serial dilution method using blood agar plates with and without 20 μg/mL streptomycin and a selection time of ≥60 h. Control experiments showed that, under our conditions, no spontaneous strep R cells were selected (detection limit of 10 9 cells). For the competition experiment, 2 ng of rpsL R (A128G) fragment was mixed 1:50 with either TSB, rpsL S (A128), or 1,022-bp fragment of λ-DNA using the oligo pair H34/H35.
Constructions of
Fluorescence Labeling of DNA. DNA was covalently fluorescently labeled using either Mirus Label IT Cy3 or Mirus Label IT Fluorescein (Mirus Bio) according to the manufacturer's protocol using a 1:1 (volume:weight) ratio of Label IT Reagent to nucleic acid. One microgram per milliliter of labeled DNA was added to a H. pylori cell suspension in TSB (100-μl OD 600 ∼0.3) and incubated for 15 min at 37°C with 5% CO 2 followed by a 5 min incubation at 37°C with 10 units of DNaseI (Roche). If indicated, H. pylori cells were preincubated for 5 min with either 250 μM DCCD or 25 μM CCCP before DNA addition. For the localization experiments, H. pylori cells were either exposed to fluoresceinlabeled rpsL R DNA as described above or treated with 2 μg/mL of the cytoplasmic pH indicator BCECF-AM (Sigma Aldrich) for 15 min. Cells were centrifuged and resuspended in prewarmed TSB before titration with HCl to pH 5.5 at 37°C. λ-DNA was noncovalently fluorescently labeled with YOYO-1 iodide (dimer of oxazol yellow; Invitrogen) at a base pair to dye ratio of 1:50. Fluorescence was excited by an X-cite fluorescence lamp, and exposure time was set to 500 ms.
Single-Molecule Analysis Using Laser Tweezers. λ-DNA was multiply biotinylated by terminal deoxynucleotidyl transferase (Roche) and attached to streptavidin-coated polystyrene beads (2 μm; Polyscience). The optical tweezers setup was as described in ref. 37 . Abbreviations were used as follows: v avg , mean of all velocities (tracks were weighted by micrometers of DNA import); v max_avg , mean of peak velocities of the tracks (omits pauses); F stall , stalling force; and ±, SD (SI Text).
